a-d-Glucuronidases cleave the a-1,2-glycosidic bond of the 4-O-methyl-d-glucuronic acid side chain of xylan, as a part of an array of xylan hydrolyzing enzymes. The a-dglucuronidase from Bacillus stearothermophilus T-6 was overexpressed in Escherichia coli using the T7 polymerase expression system. The purification procedure included two steps, heat treatment and gel filtration chromatography, and provided over 0.3 g of pure enzyme from 1 L of overnight culture. Based on gel filtration, the native protein is comprised of two identical subunits. Kinetic constants with aldotetraouronic acid as a substrate, at 55 8C, were a K m of 0.2 mm, and a specific activity of 42 U´mg 21 (k cat 54.9 s
Xylans are the most abundant hemicellulosic polysaccharides in the plant cell wall and account for up to 35% of the total dry weight of higher land plants [1] . These natural heteropolysaccharides are composed of d-xylopyranosyl units linked by b-1,4-glycosidic bonds. In hardwood, the xylan backbone is modified with various side chains, including 4-O-methyl-d-glucuronic acid linked to the xylose units via a-1,2-glycosidic bond and acetic acid that esterifies the xylose units at the O-2 or O-3 positions. In nonacetylated softwood xylans, the substituents are 4-O-methyl-d-glucuronosyl and l-arabinofuranosyl residues attached to the main chain by a-1,2 or a-1,3-glycosidic linkages [2] . In plant cells, xylan is closely associated with other cell wall components. The 4-O-methyl-d-glucuronic acid moieties can form ester linkages to the hydroxyl groups of lignin, providing cross-links between the cell wall and the lignin [3] .
Because of its variable structure involving both linear and branched hetero-polysaccharides, the complete degradation of xylan requires the synergistically concerted action of several enzymes [4] . Endo-1,4-b-xylanases (EC 3.2.1.8) hydrolyze the xylan backbone, and b-xylosidases (EC 3.2.1.37) cleave the resulting xylooligomers into xylose monomers. Removal of the side groups is catalyzed by a-d-glucuronidases (EC 3.2.1.139), a-l-arabinofuranosidases (EC 3.2.1.55) and acetylesterases (EC 3.1.1.6). The action of these enzymes can be the rate-limiting step in xylan degradation, because xylanases cannot bind and cleave the xylan backbone close to the modifying groups [5] . Hemicellulases in general, and xylan-degrading enzymes in particular, have attracted much attention because of their potential industrial use in the biobleaching of paper pulp [6, 7] . Among other applications, hemicellulases are also used for the bioconversion of lignocellulose material to fermentative products and for the improvement of animal feedstock digestibility [8] .
Of the xylan-degrading enzymes, a-glucuronidases are the least studied and characterized. These enzymes hydrolyze the a-1,2-glycosidic bond of the 4-O-methyld-glucuronic acid side chain. This bond is known to be very stable to acid hydrolysis, and in addition, the 4-O-methyld-glucuronic acid residue has a stabilizing effect on the neighboring xylosidic bonds [9] . About 15 a-glucuronidases from various fungi and bacteria have been purified and biochemically characterized. To date, six a-glucuronidase genes have been cloned and sequenced, and the purification of the gene products of four of them have been reported [10±13] . Based on amino-acid sequence similarities, a-glucuronidases have been classified to family 67 in the general classification of the glycosyl hydrolases [14, 15] .
The hydrolysis of glycosidic bonds occurs via two major mechanisms giving rise to either an overall retention, or an inversion, of the anomeric configuration. Biely et al. have recently proposed that the a-glucuronidases from glycosyl hydrolase family 67 are inverting enzymes [16] . In both mechanisms, the hydrolysis usually requires two carboxylic acids, which are conserved within each glycosyl hydrolase family, and proceeds through an oxocarbenium-ion-like transition state. In the inverting mechanism, one carboxylate acts as a general base catalyst, deprotonating the nucleophilic water molecule that attacks the sugar anomeric center, while the other carboxylate acts as a general acid catalyst, protonating the leaving aglycone [17] . The catalytic residues of family 67 glycosyl hydrolases have not yet been identified.
We have recently cloned and sequenced the a-dglucuronidase gene (aguA) from Bacillus stearothermophilus T-6 [18] and reported the first crystallization and preliminary X-ray crystallographic analysis of this enzyme [19] . In this work, we report the overexpression, purification and biochemical characterization of the a-glucuronidase produced by B. stearothermophilus T-6. Based on site-directed mutagenesis, the putative catalytic residues of this enzyme are proposed.
M A T E R I A L S A N D M E T H O D S

Bacterial strains and plasmids
Bacillus stearothermophilus T-6 (NCIMB 40222) was obtained following enrichment procedures for strains capable of producing alkaline-tolerant, extracellular, thermostable xylanases [20] . The Escherichia coli strains used were: XL-1 Blue (Stratagene, La Jolla, CA, USA) for general cloning, and BL21(DE3) for expression via the T7 RNA polymerase expression system with pET9d plasmid (both from Novagen, Madison, WI, USA).
DNA manipulation
DNA was manipulated by standard procedures [21, 22] . DNA transformation was performed by using the calcium chloride method or by electroporation (Gene Zapper, IBI, New Haven, CT, USA). B. stearothermophilus T-6 genomic DNA was isolated using the Marmur's procedure [23] as outlined by Johnson [24] . Plasmid DNA was purified using the Qiagen Plasmid kit (Qiagen Inc., Chatsworth, CA, USA). DNA sequencing was performed by the DNA sequencing unit at the Biological Services Unit of the Weizmann Institute, Rehovot, Israel.
Computer analysis
Nucleotide and amino-acid sequences were analyzed with MacVector TM 7.0 (Oxford Molecular Ltd) and the sequence analysis software package version 9 of the Genetics Computer Group (gcg, Madison, WI, USA). Sequence homologies were carried out using the BLAST algorithm [25] .
Cloning of the aguA gene
Based on the DNA sequence of the aguA gene (AF098273), two PCR primers that enabled the in-frame cloning of the gene in the pET9d vector, were designed. The N-terminal primer (5 H -AATTTACCATGGCGGCGGGATACGAACCTT-3 H ) included an ATG translational start codon inside the NcoI restriction site (CCATGG). The C-terminal primer (5 H -CCTCTTGGATCCTCACCGATAAATTTTCCG-3 H )included a stop codon (TAG) and a BamHI restriction site (GGATCC) at the end of the gene. PCR amplification was performed on B. stearothermophilus T-6 chromosomal DNA, the PCR product was digested with NcoI and BamHI, and cloned into pET9d (linearized with NcoI and BamHI), resulting in the plasmid pET9d-aguA.
Purification of a-glucuronidase T-6
Expression of the aguA gene was carried out by growing overnight cultures of E. coli BL21(DE3) carrying pET9d-aguA in terrific broth (TB) medium [21] (0.5 L in 2-L shake flasks, shaking at 220 r.p.m., 37 8C), supplemented with kanamycin (25 mg´mL
21
), without induction. Following growth, cells from 1 L of overnight culture (D 600 of 12±14) were harvested (14 000 g for 10 min), resuspended in 50 mL of 100 mm Tris/HCl, pH 7.0, and disrupted by two passages through a Frenchw Press (Spectronic Instruments, Inc., Rochester, NY, USA) at room temperature. The cell extract was centrifuged (14 000 g for 15 min) and the soluble fraction was heat-treated (60 8C, 30 min) and centrifuged again at room temperature. The soluble fraction (about 50 mL) contained the recombinant a-glucuronidase as the main product at a concentration of about 15 mg´mL
. Final purification of the enzyme was performed by gel filtration using a Superdex 200 26/10 column, AKTA explorer (Pharmacia), running at 2.5 mL´min 21 with 50 mm Tris/ HCl buffer pH 7.0, 100 mm NaCl and 0.02% sodium azide. The enzyme appeared as a distinct protein peak, which was then collected and used for biochemical characterization.
Preparation of aldotetraouronic acid
Aldotetraouronic acid (2-O-a-(4-O-methyl-a-d-glucuronosyl)-xylotriose), the substrate for a-glucuronidase, was prepared as follows: aqueous solutions (2%, w/v) of birchwood xylan or 4-O-methyl-d-glucurono-d-xylan (Sigma) were digested extensively with 0.05 mg´mL 21 recombinant endo-b-1,4-xylanase and 0.05 mg´mL 21 recombinant b-xylosidase, both from B. stearothermophilus T-6, for 12 h at 55 8C. The reaction mixture was concentrated 15-fold by evaporating at 50 8C under reduced pressure, and following centrifugation (14 000 g for 15 min at 4 8C), the resulting soluble products included mainly aldotetraouronic acid, xylobiose, and xylose. These sugars were easily separated using a BioGel P-2 (Bio-Rad, Richmond, CA, USA) gel filtration column (100 Â 2 cm) running with water at room temperature. The acidic compound was eluted in the void volume, presumably separated by partition principles [26] . About 110 mg of pure aldotetraouronic acid was isolated from 1 g of xylan. Final identification of the compound was made by mass spectra analysis using a TSQ-70B mass spectrometer under fast atom bombardment; the molecular mass of the compound was 603.2 g´mol 21 , identical to the expected molecular mass. The aldotetraouronic acid was totally hydrolyzed by a-glucuronidase T-6, to give only two products; based on the TLC analysis, one of the products fitted exactly the characteristics of xylotriose (data not shown). For the TLC analysis, sugar samples were applied on precoated plates (silica gel 60 F 254 , 0.25 mm, Merck). The running solvent consisted of ethyl-acetate/acetic acid/2-propanol/water (18 : 7 : 5 : 4). The chromatogram was immersed in a staining solution (0.1 m ammonium molybdate, 0.01 m ammonium cerium nitrate and 0.2 m H 2 SO 4 in distilled water), air dried and heated at 80 8C for 15 min. Xylanase T-6, which was used for the xylan hydrolysis, is a family 10 glycosyl hydrolase, and thus capable of attacking the glycosidic linkage at the nonreducing end of the substituted xylose [5] . Therefore, it is most likely that in the aldotetraouronic acid obtained in this procedure, the 4-Omethyl-a-d-glucuronic acid is attached to the sugar at the nonreducing end of the xylotriose.
Enzyme assay a-Glucuronidase activity was determined by measuring the release of 4-O-methyl-a-d-glucuronic acid from aldotetraouronic acid using the colorimetric assay developed by Milner and Avigad for uronic acids [27] . The standard reaction mixture (200 mL) contained 100 mm sodium cacodylate buffer (pH 5.5), 0.5 mg´mL 21 BSA, 2.0 mm aldotetraouronic acid and appropriately diluted enzyme. Samples were incubated at 55 8C for 10 min and the reaction was stopped by adding 0. 4 ] was added. The absorbance at 710 nm was measured against a blank sample that contained a boiled (inactivated) enzyme. Standard curves were prepared by using d-glucuronic acid (Sigma), or 4-O-methyl-a-d-glucuronic acid, obtained from full digest of aldotetraouronic acid with a-glucuronidase. One unit (U) of a-glucuronidase activity is defined as the amount of enzyme required to release 1 mmol of 4-Omethyl-a-d-glucuronic acid per min. The activity of a-glucuronidase towards the water-soluble fractions of birchwood xylan and 4-O-methyl-d-glucurono-d-xylan (Sigma) was measured using the same colorimetric assay, after incubation at 55 8C for 20 h. Water-soluble fractions of birchwood xylan and 4-O-methyl-d-glucurono-d-xylan were prepared by suspending 2% (w/v) of the whole xylan in water, boiling while stirring for 10 min and then centrifuging at 15 000 g for 10 min. The supernatant was diluted sixfold for the reaction mixture. The potential activity towards pNP-a-d-glucopyranoside and pNP-b-dglucopyranoside (Sigma) was determined by measuring the absorbance of p-nitrophenol at 420 nm. Protein concentrations were determined by the Bradford method, with BSA as a standard [28] . Michaelis±Menten constants were determined from the Lineweaver±Burk plots using data obtained by measuring the initial rate of aldotetraouronic acid hydrolysis. Data analysis was carried out with grafit 3.0 (Erithacus Software Ltd, Staines, UK).
Effects of pH and temperature on activity
The enzymatic reactions were carried out for 10 min at 55 8C in 100 mm sodium cacodylate buffer solutions, having a pH range of 4.5±7.5. The actual pH of the assay mixture was determined at the reaction temperature (55 8C). The effect of temperature on the reaction rate was determined by performing the standard reaction in 10 mm phosphate buffer (pH 7.0) for 10 min at different temperatures ranging from 45 to 75 8C.
Thermostability
The thermal stability was determined after incubating purified enzyme solutions (about 20 mg´mL 21 enzyme in the presence of 1 mg´mL 21 BSA) for 20 min, at different temperatures. The residual activity was measured under the standard assay conditions described above, using 10 mm phosphate buffer solution (pH 7.0) at 55 8C.
Differential scanning calorimetry (DSC)
The enzyme's denaturation temperature was determined using differential scanning calorimetry (VP-DSC MicroCalorimeter, MicroCal Incorporated, Northampton, MA, USA). The protein samples (0.5 mg´mL 21 ) were dialysed against 100 mm NaCl, 50 mm Tris/HCl buffer pH 7.0, and the actual dialysis buffer was used as a reference solution for the scan. Samples were analysed at a heating rate of 1 8C´min
21 over a temperature range of 50±90 8C. A scan with buffer in both cells was subtracted from each data set, and the molar heat capacity, C p , was obtained. The denaturation temperature was defined as the temperature at maximum molar heat capacity. Analysis of calorimetric data was carried out with origin 5.0 (MicroCal).
Isothermal titration microcalorimetry (ITC)
Titration experiments were carried out at 30 8C with an isothermal titration microcalorimeter (VP-ITC MicroCalorimeter, MicroCal Incorporated, Northampton, MA, USA). Protein solutions were dialysed extensively against 100 mm NaCl, 50 mm Tris/HCl buffer pH 7.0, at room temperature for 24 h. Ligand solutions for the titrations were prepared by diluting the stock solution with the actual dialysis buffer. Protein concentrations in the 1.42-mL calorimetric cell were between 0.04 and 0.2 mm. The ligand concentrations in the syringe were between 1 and 4 mm. Injections (10 mL) of the ligand solutions were carried out at 240 s intervals. Analysis of the calorimetric data was carried out with origin 5.0 (MicroCal).
Effects of metals
Various salts at 0.1 mm or 1 mm concentrations were added to the standard assay in 100 mm Mops buffer (pH 6.0 at 55 8C). Blanks with an inactive enzyme were included to verify that the salt solutions affected the enzyme's activity, and not the colorimetric assay reagents.
Truncated forms of a-glucuronidase T-6
Three truncated forms of a-glucuronidase T-6 were prepared by PCR amplification using pET9d-aguA as a template. The first truncated form (AguADN) lacked the first 126 amino acids from the N-terminal, and resulted in a 553 amino acids protein with M r of 63 749. The second truncated form (AguADC) lacked the last 81 amino acids from the C-terminal and resulted in a 598 amino acids protein with M r of 68 522. The third truncated form (AguADNC) lacked both the N-and C-terminal segments and resulted in a 472-amino-acid protein with a M r of 53 842. Based on the aguA sequence, two primers were designed and used together with the original N-and C-terminal aguA primers in three combinations creating the desired truncated genes (the primers were: 5
H -GGAAT-TCCATGGGTGAGAACATCGCCC-3
H for the truncated forms lacking the N-terminal segment, and 5
H -CGTCTA-GAGGATCCTTACAGCCGATGAGTGTACGG-3
H for the truncated forms lacking the C-terminal segment). The truncated genes were cloned into the pET9d vector and sequenced. Overexpression was carried out in E. coli BL21(DE3) at 37 or 17 8C, without induction. Following disruption and centrifugation, the residual activity of the soluble fractions was tested at 55 or 35 8C. The thermostability of the truncated forms was estimated by SDS/ PAGE analysis following heat treatment at 60 8C for 30 min. The oligomerization state of the truncated forms was estimated by gel filtration on a Superdex 200 26/10 column, AKTA explorer (Pharmacia).
Site-directed mutagenesis
Site-directed mutagenesis was applied to highly conserved amino acids that are likely to be involved in catalysis. Mutagenesis was performed using the unique site elimination method of Deng and Nickoloff [29] , and was applied directly to the double stranded DNA plasmid pET9d-aguA. The replacements were designed so that each mutagenic primer introduced, or eliminated, a unique restriction site, which was then used to screen for mutant plasmids. The primers used for site-directed mutagenesis of a-glucuronidase are shown in Table 1 . For each mutation, the entire aguA gene was sequenced to confirm that only the desired mutation was inserted.
R E S U L T S A N D D I S C U S S I O N
Sequence analysis of the aguA gene
The aguA gene encodes a 679-amino-acid protein with a calculated molecular mass of 78 480. The sequence alignment of a-glucuronidase T-6 with the other available a-glucuronidase sequences is shown in Fig. 1 . The percentage identities of a-glucuronidase T-6 with other a-glucuronidases are: 68% (682 amino acids overlap), 64% (632 amino acids overlap), 62% (684 amino acids overlap), 56% (683 amino acids overlap), 44%(646 amino acids overlap), and 41% (689 amino acids overlap) with the a-glucuronidases from Bacillus halodurans, Aeromonas caviae, B. stearothermophilus 236, Thermotoga maritima, Aspergillus tubingensis and Trichoderma reesei, respectively.
As with other bacterial a-glucuronidase sequences, the aguA gene does not include any recognizable Grampositive bacterial signal peptide sequence [30] , thus a-glucuronidase T-6 is intracellular. The fungal a-glucuronidases from T. reesei and A. tubingensis have a signal peptide of 19 and 20 amino acids, respectively, and appear to be extracellular [10, 12] . These fungal a-glucuronidases are about 150 amino acids longer (at the C-terminus) than the bacterial a-glucuronidases, and this additional region may be specific for fungal a-glucuronidases [12] .
Overexpression and purification of a-glucuronidase T-6
The aguA gene was overexpressed efficiently using the T7 polymerase expression system, even in the absence of induction [31] . The purification procedure was relatively simple and included two steps, heat treatment and gel filtration chromatography. Following cell disruption and centrifugation, the soluble fraction was heat-treated (60 8C, 30 min) and centrifuged. This step removed most of the host proteins and resulted in a soluble fraction that contained over 700 mg of the recombinant a-glucuronidase per liter culture ( Fig. 2A, Table 2 ). Only a small amount of the enzyme was detected in the precipitant following heat treatment. Final purification was performed by gel filtration, and the enzyme appeared as a distinct protein peak (Fig. 2B) . Typically, over 300 mg of pure protein were obtained from 1 L of overnight culture, with an overall yield of 55%, and a purification factor of about 4. A similar purification procedure for recombinant a-glucuronidase from the hyperthermophilic bacterium T. maritima MSB8, resulted in a relatively poor yield of only 3.3 mg of pure protein from 10 L culture [11] . Owing to its thermostability and the ease by which it can be overexpressed and purified, a-glucuronidase T-6 seems to be an excellent representative of family 67 glycosyl hydrolases for a detailed structure± function analysis.
Biochemical characterization
The molecular mass of the native a-glucuronidase was estimated by gel filtration using a [37] (M r 18 000), respectively, suggesting a M r of about 150 000 for a-glucuronidase T-6. The calculated molecular mass of a-glucuronidase T-6 is 78 480, indicating that the enzyme consists of two identical subunits. Most bacterial a-glucuronidases appear to be dimeric, having molecular masses of around 75 000 Da per subunit [11, 38, 39] . Fungal a-glucuronidases are mostly monomers and have higher molecular masses of 90 000± 160 000 Da per subunit [12,40±43] . The enzyme does not appear to contain disulfide bonds, based on SDS/PAGE analysis in the presence or absence of 2-mercaptoethanol, which gave two identical bands [44] . The activity of a-glucuronidase T-6 was determined by measuring the release of 4-O-methyl-a-d-glucuronic acid from aldotetraouronic acid. Under standard conditions, the reaction was linear with time for at least 35 (Fig. 3) . The reported K m values on aldotetraouronic acid for other a-glucuronidases, are quite similar (0.13±0.47 mm), while the specific activity values are lower, ranging from 1.5 to 10 U´mg 21 [38, 40, 42, 45] . Higher values of both K m and specific activity (0.76±0.95 mm and 8.4±52.3 U´mg 21 , respectively) were reported for the shorter substrate, aldotriouronic acid [11, 39] , or with a mixture of both substrates [12] .
The pH dependence of a-glucuronidase T-6 was measured at a pH range of 4.5±7.5 and gave a typical bell-shaped curve (Fig. 4A) , which may reflect the ionization of the two catalytic carboxylates. The enzyme was most active at pH 5.5±6.0, and retained about 40% of its activity at pH 4.5 and 7.5. This pH profile is typical of a-glucuronidases from bacteria [11, 13, 38, 39] , whereas fungi produce enzymes with a more acidic pH optimum [40, 42, 43, 46] . The optimal temperature for a-glucuronidase T-6 activity in a 10-min reaction, at pH 7.0, was 65 8C ( Fig. 4B) , and the activation energy calculated from an Arrhenius plot was 46 kJ´mol 21 , which is characteristic of typical enzymatic reactions. The highest temperature reported for a-glucuronidase activity was 85 8C in a 10-min reaction for the enzyme from T. maritima [11] .
The thermal stability of the enzyme was determined by incubating enzyme solutions at different temperatures for 20 min, followed by measurement of the residual activity. The enzyme was stable up to 70 8C and lost 70% of its activity at 75 8C (Fig. 5A ). This result is in good agreement with the denaturation temperature of the enzyme, 73.4 8C, as determined by differential scanning calorimetry (Fig. 5B) .
The effect of various metal cations on the activity of a-glucuronidase T-6 was investigated and the main results are summarized in Table 3 . From these results, it seems unlikely that the enzyme requires a specific metal ion for its catalytic activity. Nevertheless, the metal cations Ni 21 , K 1 and Zn 21 showed some inhibition of the activity, and Ag 1 , Hg 21 and Cu 21 showed very significant inhibition even at relatively low ion concentrations. These metals ion are known to have considerable affinity for functional groups such as thiols, imidazoles, amines and carboxylates, and it is likely that they bind to such groups in the enzyme [47] .
Substrate specificity a-Glucuronidase T-6 had no detectable activity either for the natural polymers, birchwood xylan and 4-O-methyl-dglucurono-d-xylan, or for the synthetic compounds, pNP-ad-glucopyranoside and pNP-b-d-glucopyranoside. Most of the a-glucuronidases described to date are capable of releasing 4-O-methyl-d-glucuronic acid only from xylooligosaccharides such as aldotriouronic and aldotetraouronic acids. Only a few extracellular fungal a-glucuronidases exhibited activity towards polymeric xylan [40, 48, 49] . The a-glucuronidases from Thermoascus aurantiacus and from snail acetone powder were reported to have activity towards the synthetic substrates pNP-a-d-glucopyranoside and pNP-a-d-glucuronic-acid, respectively [40, 45, 50] . 
Binding properties of a-glucuronidase T-6, measured by microcalorimetry
Isothermal titration calorimetry (ITC) is the most direct method for measuring the heat change on formation of a complex between two molecules, at constant temperature [51] . When measuring the binding of substrates to enzymes, the heat accompanied with the enzymatic reaction usually masks the heat of binding. However, it is possible to measure the binding of the reaction products to the wildtype enzyme, or to use catalytic mutants for measuring the binding of the substrate. In this work, ITC was used to determine the binding thermodynamics of the products (glucuronic acid and xylotriose) to the wild-type enzyme, and the substrate aldotetraouronic acid to the mutant enzymes. Typical ITC data are shown in Fig. 6 . The binding constants K B , DH B , and the stoichiometry (N) ( Table 4) were obtained by fitting the experimental data to a one-site model (N 1). The thermodynamics constants DS B and DG B were determined by using the relationship: DG B 2RT lnK B and the Gibbs equation: DG B DH B 2 TDS B .
The wild-type enzyme showed an enthalpy driven binding (K B < 1 Â 10 4 ) to the reaction product analog, glucuronic acid, but failed to show binding (no enthalpy change) to xylotriose. However, when the enzyme was saturated with glucuronic acid, enthalpy driven binding (K B < 2 Â 10 5 ) was observed to xylotriose. These results may suggest that the presence of glucuronic acid induces a conformational change that allows the binding of xylotriose.
To measure the binding of the substrate aldotetraouronic acid to the enzyme, inactive catalytic mutants were used (the characterization of these mutants is described in a later section). Neither mutant Glu3923Cys nor Asp3643Ala showed binding enthalpy for the substrate. The replacement Glu2853Asn had resulted in relatively low activity (2 Â 10 24 of the wild-type activity), but showed binding to the substrate (K B < 1 Â 10 5 ). It is worth noting that this mutant enzyme allowed us to obtain a stable enzyme± substrate complex, suitable for X-ray analysis. The thermodynamic dissociation constants (1/K B ) obtained from the ITC measurements for the wild-type and the Glu2853Asn mutant (5 Â 10 23 ±0.1 mm) are smaller than the K m measured for the reaction (0.2 mm), and are characteristic of carbohydrates binding to proteins [52, 53] . In all cases, the stoichiometry of the reactions was 1 ligand molecule per enzyme monomer.
Truncated forms of a-glucuronidase T-6
To locate the active site of the enzyme, three truncated forms, lacking either the N-terminus (AguADN), the C-terminus (AguADC) or both domains (AguADNC), were constructed. The size of the deletions were determined based on the observation that the middle region of the protein exhibited the highest identity to other a-glucuronidases. The truncated proteins were initially overexpressed in the same manner as the wild-type enzyme, and all gave the expected protein size on SDS/PAGE (data not shown). However, under these conditions the truncated products were found to be present mostly as inclusion bodies. Under more favorable conditions for soluble protein overexpression (growing the cultures at 17 8C), AguADN and AguADC were obtained in the soluble fractions, whereas AguADNC was still insoluble. The two soluble truncated enzymes were tested for activity and heat stability. AguADN was relatively heat stable, and its specific activity at 55 8C was about 1% of the wild-type. Based on gel filtration, most of the protein was in the form of multimers composed of six subunits. AguADC was heat labile, and its specific activity at 35 8C was about 0.1% of the wild-type. About 90% of the soluble protein eluted in the void volume of gel filtration, suggesting that AguADC formed multimers of M r above 600 000. The remaining 10% of the protein eluted as dimers or monomers. Oligomerization of cloned, overexpressed a-glucuronidase was also reported for the enzyme from T. maritima, which was active as a dimer, but could be present in a higher oligomeric state, depending on the pH and ionic strength of the medium [11] .
As residual activity was detected in the truncated forms lacking the terminal domains of a-glucuronidase T-6, it is likely that the active site of the enzyme is within the middle domain (amino acids 140±590).
Site-directed mutagenesis of potential catalytic residues
As mentioned above, glycosyl hydrolases operate in two major mechanisms (retaining and inverting); in both mechanisms there are two acidic residues that are most critical for hydrolysis. To determine the catalytic pair of a-glucuronidase T-6, site-directed mutagenesis was applied on completely conserved glutamic and aspartic residues in the middle domain (Fig. 1) . The mutations were all verified by sequencing the entire gene. Following overexpression, the mutant proteins were purified and their enzymatic activities were compared ( Table 5 ). The replacements Glu3923Cys and Asp3643Ala caused the greatest decrease in activity, about 2 Â 10 25 and 1.5 Â 10 25 of the wild-type, respectively, suggesting that they are essential for catalysis. This magnitude of decrease in activity was also found in mutants of catalytic residues in other inverting glycosyl hydrolases [54±56]. The replacements Glu5103Ala, Glu1583Asn, Glu3863Gln and Glu2853Asn exhibited somewhat lower decreases in activity, suggesting that these residues may be involved in substrate binding [55] . It should be noted, however, that identification of the catalytic residues could not be carried out based on activity alone. There are at least two examples where single mutations in proposed catalytic residues of a-inverting glycosyl hydrolases, resulted in reduced or undetectable activity [57, 58] , while crystallographic analysis showed that these residues are not involved in catalysis [59, 60] . In addition, in some cases only a relatively small decrease in activity was found in mutants of the catalytic base of some inverting glycosyl hydrolases, and this was explained by the participation of other residues in the activation of the catalytic water molecule [61] . In a-glucuronidase T-6, the direct involvement of Asp364 and Glu392 in the catalysis is also supported by the partially refined structure of the enzyme, its mutant Glu2853Asn and its complex with aldobiouronic acid (G. Shoham, unpublished results).
There are several approaches for identifying the catalytic residues in glycosyl hydrolases, including: (a) site-directed mutagenesis of conserved carboxylic acids followed by kinetics analysis with substrates bearing different leaving groups; (b) azide rescue of activity for the catalytic mutants; and (c) pH dependence of the mutants compared with that of the wild-type enzyme [55, 56] . In retaining glycosyl hydrolases, an unequivocal identification of the nucleophile residue could be achieved by using fluorinated substrates with excellent leaving groups, and trapping the covalent glycosyl-enzyme intermediate [56] . The lack of activity towards synthetic substrates such as pNP-a-dglucopyranoside and pNP-a-d-glucuronic-acid by most a-glucuronidases [38, 42, 48, 62 ] is a major limitation in the biochemical and kinetic characterization of these enzymes. Aside from the relative ease of measuring activity, these synthetic substrates can be modified with a wide range of different leaving groups, providing means for the identification of catalytic residues in glycosyl hydrolases [55] . This approach was useful for retaining glycosidases [63] as well as for inverting glycosidases [54] . Recently, Biely et al. reported the use of chromogenic substrate for a b-xylosidase-coupled assay of a-glucuronidase [64] . Although this substrate appears to be useful in measuring a-glucuronidase activity, it does not provide a substrate having different leaving groups, as the phenyl group in this substrate is hydrolyzed by the b-xylosidase and not by the a-glucuronidase. 
A C K N O W L E D G E M E N T S
